FOCUS
The current in vivo model for LVO, published in 2006, was based on a 7-Fr guiding catheter delivery platform with an inner diameter (ID) of 0.073 in. However, guiding catheters are difficult to navigate into the distal vasculature, and thus clots either fragment or are uncontrolled in their delivery, and lodge at their destination in an unpredictable manner.
The model described and tested in this study is unique. We used a large-bore distal access catheter (DAC), the ACE68 reperfusion catheter (Penumbra), to deliver an intact clot at a distal bifurcation in the swine's external carotid artery (ECA).
Methods

Experimental Procedures
All cerebral angiographic studies and cerebrovascular interventions were performed at the large animal angiography laboratory at Baylor College of Medicine. All procedures were performed in accordance with the protocol approved by the College's Institutional Animal Care and Use Committee. Two swine were used for final evaluation of the model, using refinements developed in the first 3 animals.
Clot Preparation
Silicone tubing with an ID of 0.188 in was rinsed with saline prior to use. Autologous whole blood (15 ml) was collected from the anesthetized pig via a femoral sheath. Thrombin solution was created by dissolving 7 g of CaCl 2 in 250 ml of phosphate-buffered saline, 3.3 ml of which was then mixed with 100 U of thrombin. This thrombin solution was then mixed at a 1:5 ratio with the autologous blood. The blood and thrombin mixture was quickly injected into silicone tubing, prior to initiation of clotting. The clotted material was matured in the tube for 1 hour prior to use. The clot was cut to the desired length (between 15 and 20 mm) for creation of the vascular occlusion (Fig. 1A) . This technique was modified from that used by Gounis et al. 4 
Animal Procedure
Atropine (0.12 mg/kg) was administered as an intramuscular preanesthetic agent. Anesthesia was induced by the veterinary care team, using a mix of Telazol (4.4 mg/ kg) and xylazine (2.5 mg/kg). Mechanical ventilation was given with oxygen mixed with isofluorane (1%-3%). Vital signs were monitored throughout the procedure. Female Yorkshire swine, approximately 7 months old and weighing 60-70 lbs each, were used.
A 9-Fr sheath was placed in the right femoral artery by using a modified Seldinger technique following a cutdown. The short sheath was then secured in place. A 7-Fr Cook Shuttle Guiding catheter (Cook Medical) was advanced over an 0.035-in Glidewire (Terumo IS) under fluoroscopy. Heparin (50 IU/kg) was delivered intravenously. Intraarterial verapamil (10 mg) was infused continuously through the guiding catheter.
Under roadmap guidance, the guiding catheter was placed in the common carotid artery (CCA) and a triaxial system was established with a Synchro Standard microwire (Stryker), Trevo 18 microcatheter (Stryker Neurovascular), and ACE68 reperfusion catheter.
After the ACE68 catheter was positioned in the desired location, the clot was backloaded into the device through the Penumbra suction tubing (ID 0.110 in), and then flushed anterograde through the system (Fig. 1B and  C) . Care was taken throughout this procedure to minimize any damage to the clot, and any clots that underwent fragmentation prior to loading into the ACE catheter were discarded so as to use the best possible intact clot for injection. Diagnostic angiography was performed to confirm the occlusion. The clot was then traversed with the microwire and microcatheter in the usual fashion. The Trevo device (4 × 20 mm, Stryker Neurovascular) was used to retrieve the clot under aspiration through the ACE68 catheter, and follow-up angiography was performed to assess reperfusion. Additional attempts were made to effect further recanalization. In trying to develop a "recalcitrant" model, we defined recalcitrance as failure of first-pass revascularization to provide a Thrombolysis in Cerebral Infarction (TICI) Grade 2b or 3 result.
Results
Experimental Animals
A total of 5 swine were used in the development of this model. With the first 3, changes were made to the protocol as follows: barium was eliminated from the initial clot formation to reduce fragmentation; intravenous heparin was added to reduce unrelated thromboembolic events; and an intraarterial vasodilator was added to reduce the incidence of device-related vasospasm. The basic setup of clot backloading through Penumbra tubing (Fig. 1C) into the ACE68 DAC and retrieval with the Trevo device under aspiration was constant across all animals.
The results in the last 2 swine are presented; the meth-
FIG. 1. Clot preparation and delivery.
A: Clot after 1-hour maturation, cut to 2-cm length. B: Clot, kept completely intact, loaded into the back end of the Penumbra suction tubing. C: Clot traveling retrograde through the Penumbra suction tubing, which is connected to the reperfusion catheter for delivery.
odology described was unchanged between these animals, and comprises our new model. A total of 8 vessels were injected with 8 clots between the 2 animals. The occlusions were all at distal branch points (either bifurcation or trifurcation) of the internal maxillary artery (IMA) ( Fig.  2A) . Clot fragmentation was not observed in any cases. All occlusions were categorized as "recalcitrant," which was defined by a recanalization less than TICI Grade 2b after the first pass. Ten revascularization attempts were made by 2 experienced neurointerventionalists, and none of the bifurcation or trifurcation occlusions were successfully revascularized on the first attempt.
Postprocedure Complications
Angiographic vasospasm, ranging from mild to nearly occlusive, was observed in 100% of cases after Trevo retrievals, but no incidences of severe vasospasm were seen secondary to manipulation of the DAC. All vasospasms responded to intraarterial verapamil treatment. No animals exhibited evidence of dissection or perforation related either to the surgical procedure or to the use of equipment. Perioperative mortality was zero; all pigs survived the duration of the procedure prior to euthanasia.
Discussion
In this study, we present the development and initial evaluation of a novel model for mechanical thrombectomy that simulates the clinical situation of a recalcitrant clot at a bifurcation (such as the internal carotid artery [ICA] terminus, middle cerebral artery [MCA] bifurcation, or basilar apex). This model makes use of newly released large-bore DACs that allow accurate selection of distal vessels to deliver large, unfragmented clots. We sought to develop a bifurcation model because that is often the most challenging clinical situation, requiring separate revascularization of each individual branch.
The swine extracranial model was selected as previously popularized by Gralla et al., 6 due to the animals' similarity in vessel size and coagulation parameters relative to humans. 18 This would allow testing of standard human reperfusion platforms in the new model. Others have popularized rabbit models, which more closely mirror human responses to thrombolytics, but involve smaller rabbit blood vessels. 4, 7 The swine model, as used by many others, allows for easy translation of skills from the model to patients, based on similar size and vasculature. After insertion of the femoral sheath via cutdown, the procedure was otherwise a high-fidelity replication of the procedural environment in stroke intervention.
Benefits of the DAC
The strengths of new DACs have been previously described for their clinical utility. 10, 16 The enhanced stability and atraumatic trackability of the ACE68 catheter used in this study allowed safe selection of distal arterial bifurcations that could simulate the human MCA, ICA, or basilar bifurcations. Previous studies have used 6-Fr or 7-Fr guide catheters, which have IDs large enough to deliver unfragmented clots, but lack the navigability, trackability, and length to reach an appropriate distal location. The ID of the ACE68 is 0.068 in, which is only marginally smaller than the 7-Fr guide catheter used in previous studies, but with all the additional beneficial characteristics mentioned. The DAC allowed clot injection at locations where vessel sizes had tapered to the size of the human MCAapproximately 2-3 mm. The ICA and basilar termini are mentioned as potential extensions of the technique used here, although our model is most suited to simulate the human MCA bifurcation or trifurcation based on verisimilitude of vessel size. The guide catheter, which provided good support, was placed safely in the CCA or proximal ECA, so as to avoid vascular trauma or vasospasm.
Clot Selection
One of the lessons learned in the initial 3 animals was simple but important-any minor fragmentation of clot while loading will lead to overt fragmentation distally. Thus, in later experiments, we applied a more stringent quality control check when clots were backloaded into the Penumbra suction tubing before it was connected to the DAC. Occasionally, up to 3 clots may be loaded but show signs of fragmentation before reaching the DAC, but these are flushed out on the table and not delivered. More than enough clots are made in the silicone tubing to apply this stringent quality check. Despite this, clots may show some fragmentation distally based on the force with which they are flushed (Fig. 2C ). This can be moderated by using shorter clots (15 mm vs 20 mm) and controlled injection.
Barium and Radiopacity
Previous models 3, 6, 11, 15, 20 have included the addition of barium during clot preparation to enhance the radiopacity of the clot. Although this helps to identify the clot location easily on fluoroscopy and to determine its engagement into the destination vessel, it also weakens clot elasticity 3 and, in our experience, led to fragmentation (Fig. 3) . Some groups have advocated for other solutions such as the use of fibrinogen, 11 which we did not pursue. We found that the benefits of visualization were far outweighed in this regard, because we could visualize the clot quite well with the angiographic "stump" (Fig. 2B ).
Procedure-Related Vasospasm
One of the major challenges encountered in working with the swine model is vasospasm. 4 We found that vasospasm occurred in 100% of the swine subjects, to at least some extent on all stent retriever passes. Vasodilators (both verapamil and nitroglycerin) ultimately helped to resolve this. Our protocol has evolved to include a continuous verapamil infusion through the guide catheter and additional intraarterial infusion as necessary. Vasospasm also occurred in the first 3 animals secondary to the use of the 0.035-in Glidewire in the distal ECA. This was easily mitigated by the use of a microwire and microcatheter over which to advance the DAC.
Recalcitrance of Occlusion
All 8 clots injected with subsequently attempted retrieval failed the first pass for full recanalization, meeting our definition for recalcitrance. This was due to the large clot burden delivered at a bifurcation. In the example case shown in Fig. 2 , the Trevo crossed the clot and entered into one of the branch vessels coming off the trifurcation (Fig.  2D) , and there was no flow after the first attempt of revascularization. Only after a second pass was faint revascularization in 2 branches achieved (Fig. 2E), after removal of   FIG. 3 . An example of the original barium clots after injection. This clot was injected from a similar location to the one in Fig. 2 . However, the barium mixed poorly and was thus heterogeneously interspersed through the clot, leading to fragmentation (multiple fragments highlighted by arrows).
the recalcitrant clot (Fig. 2F) . The recalcitrance of clots delivered in this manner is due to their lodging across an arterial branch point, rather than a characteristic intrinsic to the clots, which were produced by established techniques.
Future Experiments
We describe the initial experience with our model of bifurcation occlusion with 5 animals. Further experiments will help to validate and confirm the recalcitrance of our bifurcation model. This includes the evaluation of different established modalities for thrombectomy, such as the ADAPT (A Direct Aspiration First Pass Technique) 17 and ARTS (Aspiration-Retriever Technique for Stroke) 12 methods, or primary suction thrombectomy (Fig. 4) . Other areas of interest would include analysis of the retrieved and injected clot, including variations of the clot production, such as the use of fibrin-rich clot. 19 Analysis of distal clot propagation and time to recanalization of bifurcation occlusions may also be of interest in future studies.
Conclusions
Large-bore DACs allow accurate delivery of large, intact clots at distal arterial bifurcations in a swine model of LVO. This recalcitrant model can be used in training and to test next-generation thrombectomy devices.
